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INTRODUCTION
Purpose of Investigation
The purpose of this investigation was to attempt to fi~d
some means of increasing the effective porosity and permeabil-
ity of the producing sands of the Cut Bank Oil Field, with the
hope that thereby the ultimate recovery of petroleum from this
field may be increased. Although the percentage increase in
prod~ction thus effected would undoubtedly be small, it would
represent a sUbstantial volume of petroleum in view of the
great quantity of oil and gas present in this field.
This study was limited to the effects of treatment of the
sands with acids and other reagents, in combination with a
wetting agent to decrease surface tension and thus increase
the effectiveness of the reagent, on the permeability and ef-
fective porosity of the sands.
Summary of Previous Work
During the year 1940 - 1941, Feray, (8), made an exten-
sive study of the petrography and sedimentation of these sands.
His chief interest was the relationship of the environment and
provenience of sedimentation of the Kootenai formation to the
type of sediment deposited.
Hanes, (11), in 1941 - 1942, made a study of the relation-
snip between ,effective porosity and horizontal and vertical
permeability in the Cut Bank field. He also treated samples r
from one well with acid and tested the porosity and permeabil-
ity after acidation. He found an increase after treatment,
but contended that it was the result of flushing small'par-
ticles from the pore-spaces rather than reaction between the
acid and the constituents of the sand.
Davis, (4), at the same time as the author made his in-
vestigation, was continuing the work of Hanes in trying to
find the relationship between permeability and porosity, and
was trying to find trends of these phenomena throughout the
field.
Acknov.;ledgments
The author is greatly indebted to Dr. Eugene S. Perry
and Dr. Lawrence L. Sloss, both of the G'eology Department of
the Montana School of Mines for their never-failing interest
and 'aid in conducting the research. Without their helpful
suggestions and continued interest this work could not have
been accomplished.
The writer wishes to thank Dr. S. R. B. Cooke Of the Min-
eral Dressing Department for advice on the selection of wetting
agents for the tests, and Dr. Daniel Q. Posin, of the Physics
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Department, for his explanation of equivalent pressure for-
mUlae used in calculating permeabilities •.
Especial thanks is due W~. Wesley Davis, who permitted
the author to acidize samples which Mr. Davis had cut and
tested for permeability.
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CUT BANK OIL FIELD*
Location and Topography
The Cut Bank Oil Field lies in Glacier County, Montana,
on the west flank of the Kevin-Sunburst dome, and is one of
several pools on the Sweetgrass arch. The field lies fifty
miles east of Glacier National Park and its northern end is
only three miles from the Canadian border.
The field lies on a treeless plain, ranging in altitude
between 3,400 and 4,200 feet, and is dissected by Cut Bank
Creek and its tributaries. The north end of the field is
Covered with glacial drift and much of the area is scattered
with glacial debris. The climate is semi-arid and the win-
ters are long and severe.
On the western edge of the field lies the town of Cut
Bank, which has about 2,500 inhabitants. It is served by the
Great Northern Railroad and the U. S. Highway No~ 2. Outside
the petroleum industry, sheep-grazing is done on the Black-
I
foot Indian Reservation and dry-land farming is practiced on
privately owned land.
History
The field was discovered in September, 1926, by the Sand-
pOint 011 Company's Berger Well No.1, in the SEe i, NW. t, of
Sec. 1, T.35N., R.5W. This well was a wildcat, drilled in an
* Summary of statements by Blixt, (3).
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attempt to find a westward extension of the Kevin-Sunburst
field and had as its objective the Mad.ison limestone. Be-
fore the Madison was reached, however, .seven million cubic
feet of gas was encountered in a stray sand at the bas~ of
the Kootenai at a depth between 2,778 and 2,820 feet. This
caused no excitement, as gas at this horizon had previously
been found in widely scattered areas of the Kevin-Sunburst
field. Drilling was continued to the top to the Madison,
where water was encountered, and, as there was no market for
the gas, the well was plugged and abandoned.
Three years later, another wildcat well, Dr-umheLl.er-'.s
Yunck No.1, was drilled in the SEe !, NW. t of Sec. 1, T.34N.,
R.6W. • This well, comp Let.ed in August, 1929, had an initial
production of seven m Ilion cubic feet of gas and about five
barrels of oil a day between 2,710 and 2,753 feet, in the
same horizon but 225 feet lower, structurally, than in the
Berger No.1.
This well proved the existance of oil in the area and
led to the drilling of a third well, Breckon and Hatch's
Haines No.1, which was eighty feet lower structurall}1: acrh
the Yunok No.1. Completed in April, 1923, the Haines No. 1
had an initial production of 35 barrels per day and was the
field's first commercial oil well.
Yunck No. 1 was saved as a gas well and during 1930,
three more widely scattered gas wells were brought in with
an average initial production of eight million cubic feet of
- 5 -
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gas per day. The five gas wells drilled by this time indica-
ted the existance of a gas field at least sixty square miles
in area. Seventeen gas wells, with an average initial open
production of 12.7 million cubic feet per day and an average
initial casinghead pressure of 705 pounds per square inch,
were drilled in.1931. Haines No. 1 remained th~ only oil
well completion during 1931, and it was not until the next
year that development of the field began.
The field is still in an active development stage, and ,...
approximately 75 oil wells and eight gas wells are completed
yearly. Total production to July, 1940, was 18,645,000 bar-
rels of oil and 62,890 million. cubic feet of gas.
Size'and Rank
,,~
The Cut Bank field is 31 miles long and has a maximum
width of ten miles. The main oil.producing area is 24,miles
in length and Varies in width from one to four miles~
The Cut Bank is the most important stratigraphic trap
field in the Rocky Mountain region north of New Mexico. It
ranks fourth tn daily oil production, following in order,
Turner Valley, Alberta; Lance Creek and Salt Creek, Wyoming;
and fourth in daily gas production, succeeding Clay BaSin,
Utah; Hiawatha, Colorado; and Turner Valley.
Stratigraphy
As the oil and gas producing zone in the Cut Bank field
. _, 6 _
l~e in the Kootenai formation, it will be discussed in detail,
but in order to present a view of the stratigraphy of the re-
gion, the other formations encountered in drilling will be dis-
cussed briefly in reverse 'order of age.
Two Medicine Formation
The uppermost formation in the field is the Two Medicine,
which has been subdivided into the Judith River shales, sand-
stones and thin coal seams; and the upper Eagle of the Montana
plains, sandstones shales and thin coals~ The average thick-
ness penetrated in the oil-producing area is about 200 feet.
Eagle' Sandstone,
The Eagle sa.ndstone is .divisible into an upper, massive
sandstone, the Virgelle sandstone member, and a .lower sa.nd-
stone-Shale transition zone. The Eagle averages 375 feet in
thickness.
Colorado Formation
The Colorado 1s a marine formation about 1,750 feet
thick. It is divisible into an upper main body of black shale
about 950 feet thick, and a lower member about 80b feet thick,
known as the Blackleaf sandy member, consisting of calcareous
Shale with interbedded sandstone and black shale. This for-
mation and those mentioned above are al1.,of Upper Cretaceous
age.
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Kootenai, ('HowerBlairmore), Formation
, ~ (
The Kootenai is a formation of continental origin, Lower
• Cretaceous in age. The formation is 500 feet thick on the east
and thickens to 650 feet in the western part of the field. It
consists of flood-plain and deltaic deposits of red, green and
gray mUdstones and shales, and lenticular siltstones and sand-
stones. The bulk of the sandstone lies in the lower third of
the formation and it is here that the various sandstones which
produce oil and gas 'lie.
The producing zone of the Kootenai may be divided into
three zones, in descending order, the Moulton sand, the Sun-
burst sand, and the Cut Bank sand. Because of the irregular
flood-plain depqsition, it is impossible to correlate with ab-
solute certainty, except locally, any sandstone in the pro-
ducing, except the lower Cut Bank which is characterized by
black chert sand and black chert conglomerate.
Kootenai, Moulton Zone
The Moulton zone, at the top of the producing zone, is
about 100 feet thick. It ordinarily consists of Siltstone,
shale, mudstone, and one or more lenticular beds of fine,
cross-laminated siltstone. The entLre zone, however, may be
sandstone or it may contain none Whatever. ,The bedding is
very irregular and there are no markers' that may be used in
correlation from well to well. Oil and gas in commercial
quantities occur in the Moulton, but it is by no means an im-
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portant producer in the field.
Kootenai. Sunburst Zone
The Sunburst zone, whose top lies about 100 feet above
the base of the Kootenai, is about fifty feet thick. Within
this zone may be found from one to three lenses of sandstone,
separated by gray shale or maroon, green and yellow mUdstone.
Locally, the sand.stone may be absent or may occupy the entire
thickness of the zone.
The typical Sunburst in the Cut Bank field is a soft to
medium-hard, shaly and silty, fine, nsalt~and-peppern sand.
The grains are poorly sorted, angular, clear quartz with minor
amounts of red, amber, and green chalcedony 'and fine specks of
black chert.
Shale and silt have reduced the permeability to such 'an
extent that migration of oil into a well is too slow, usually,
to yield a commercial well. With its lower viscosity, however,
gas in commercial quantities is found in many wells in this
zone •.'
Kootenai, Lander Sand, (Sunburst Zone)
One highly productive area, the Lander pool, has 'been de-
veloped in the Sunburst zone. It lies in the north end of the
field· S~n ecs. 15, 16, and 21, T.35N., R.6W •• It trends north-
east-southwest and is about two miles long and i'mile wide.
The top of the sand lies about 100 feet above the base of
the Kootenai. The sand r-angesup t.o 28 feet in thickness, av-
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eraging twelve feet. The sandstone differs distinctly from
the typical Sunburst of the field. It is white to light-gray,
fine-grained, soft and saccharoidal. It consists of crystals
and well-rounded grains of clear quartz and is well sorted,
free from shale and silt. Toward the base it becomes coarser
and darker in color due to he presence of fine black chert.
In most places the entire sand is saturated.
Kootenai. Cut Bank Sand
The Cut Bank sand is the field's most important oil.and
gas reservoir. It is the basal member of the Kootenai and
lies unconformably on the eroded surface of the Ellis shale.
It averages 47 feet ~n thickness and is usually cross-lamin-
ated.
It is a blanket sand of irregular thickness and remark-
ab.le lateral variation; its updip change from a coarse, por-
ous and permeable sandstone to an impermea.ble sandy siltstone
is the controlling factor in the development of the strati-
graphic trap.
It has been the common practice to divide the zone into
the Upper and lower Cut Bank. The division is arbitrary,
based on chert content, and does not represent a sudden time
break or a sudden lithologic change.
Kootenai, Upper Cut Bank Sand
The upper Cut Bank sand has an average thickness of 28
feet but may be absent or as much as seventy feet thie-k, e"On-
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stituting the entire Cut Bank section. It is a fine- to medium-
grained, hard, silty, "salt-and-pepper", quartz sandstone, with
sub-rounded grains, cemented by silt and some secondary quartz.
Due to its low permeability, it has yielded few if any
commercial oil wells, but ranks high as a gas producer.
Kootenai. Lower Cut Bank Sand
The lower Cut Bank sand is the principal producer. Its
average thickness is nineteen feet; some wells penetrate as
much as forty feet of black chert sandstone while others en- ,
counter none. It is dark gray to black and usually consists
of about equal amounts of dark gray or black chert, and clear
and translucent quartz grains. The lower Cut Bank varies from
a pebble conglomerate or conglomeratic ~andstone to a fine-
grained chert and quartz sandstone.
Usually, a persistent chert conglomerate, a foot or less
in thickness, with a matrix of fine, light-gray sandstone oc-
curs at the base of the lower Cut Bank directly on the Ellis
shale.
Bentonite, bentonitic clay and subordinate amounts of
siliceous silt occur throughout the lower Cut Bank. These
constituents, along with pyrite and dolomite, coupled with
secondary crystal growth of quartz grains, are the controlling
factors of permeability. Medium-grained, sorted, black chert
sandstone is the most highly productive; chert-free sandstone
and conglomeratic sandstone least productive; and chert con-
glomerate unproductive.
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Saturation is very irregular; the average ·thickness of
oil-saturated lower Cut Bank is thirteen feet.
Kootenai, "Ribbon Sand"
The so-called "Ribbon Sand" has played an important role
in the formation of the stratigraphic trap in the Cut Bank
sand. In fact, its impervious nature has prevented updip
migration of oil and gas from the porous, permeable Cut Bank
sand and has thus caused the trap.
Although called a "sand", it is extremely fine-grained
and fairly soft and is usually logged by drillers as "brown-
shale". Actually it is meither and should be classified as
a siltstone. It is glauconitic throughout, grades downward
to a very fine sandstone at the base, and is laminated with
black micaceous shale.
Everywhere on the Kevin-Sunburst dome and over an un-
determined area of the Sweetgrass arch the laminated silt-
stone lies above marine, calcareous shale of the E+lis for-
mation and below the yellow mucstone marker in the Kootenai.
It therefore occupies the same stratigraphic position as the
Cut Bank sand to the west. However, it cannot be stated con-
clusively that the two are correlative. It may be of Kootenai
age because of its position with respect to the Cut Bank.
Ellis Shale
The Ellis shale is a marine formation of upper Jurassic
age. It is unconformable with the Kootenai (Lower Cretaceous)
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above and the underlying Madison limestone (Lower Mississip-
pian). It varies in thickness from ninety feet in the north-
eastern part of the field to 180 feet in the southwestern
part.
The irregularity of the erosion surface on the Ellis is'
important because the producing sand,may~thin greatly or may
be completely missing or the topographic "highs" of the Ellis.
The marine Ellis is the most logical source rock in the
field.
Madison Limestone,
The Madison is a creamy-white, marine limestone of lower
Mississippean age. Wherever penetrated, it has been found to
contain sulphur water at or near the top, although showings of
oil have been found at the contact with the overlying Ellis.
It is the main producing formation in the Kevin-Sunburst, Pon-
dera and Twin-Rivers oil fields on the Sweetgrass arch.
Permeability
The permeability of a solid may be defined as that prop-
erty of the solid whereby fluids may pass through it. Per-
meabtlity requires the presence of interconnected pore spaces
in the solid, but the relationship between permeability and
IporoSity is only qualitative; a solid of high porosity may be
highly permeable, slightly permeable, or impermeable.
Fralich, (9), states that some of the factors affecting the
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permeability of consolidated sands depend on the variable
factors of shape, size, uniformity of size and shape, and ar-.
rangement of sand grains, amount and arrangement of cementing
material, sat~ation of oil and water, viscosity and pressure
of the fluid, and the dimensions of the strata.
Henri Darcy, ( ), in 1856, in his studies of the ~low
of water through gravels and filter beds, first expressed a
law which bears his name, governing the flow of fluids through
porous media. Darcy's law, in general terms, may be stated in
the form:
·..................... (1)
in which U is the velocity of the fluid, P the pressure and
L the distance-at which U is evaluated. Integrated for linear
flow and a steady state, and substituting quantity for vel-
oCity, the equation becomes:
..2... = k~P
8A L
• •••••••••• e·. ~. • • • • • •• (2)
where Q is the volume of fluid at the mean pressure for a gas,
e is a unit of time, A, a unit of area, k, Darcy's coefficient
of permeability, p, a unit of pressure and L, a unit of ~ength
normal to the area, A.
To eliminate the effect of the viscosity of th~ fluid on
the value of the permeability coefficient, this visco_sity is
introduced as a factor in the equation which becomes:
c =.k ezlTA z 1 •••••••••.••••••••••• ~ (s)
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where Q is the volume of fluid, at mean pressure for a gas,
e is a time unit, A, a unit of area, k, a coefficient of per-
meability of a sand to any fluid, z, the absolute viscosity
of the flUid, p, a unit of pressure, and L, a unit of length
normal to the area, A.
Since g~ses are compressible, the pressure is not constant
through the sand, and must be expressed in terms of a mean
pressure, ~ If the arithmetic mean pressure, ~ is used,
i.e., half the sum of the inlet and pressures, B~·tB , the
equation becomes:
•• • • • • • •• •• • • ••
~ 2P = k (?.e Ii P,) ••••••••• q. (5)
B N·{P2. ~ p,) z·
whereP", is the inlet pressure, PI is th.eoutlet pressure, Q,
the volume at PI , and the other symbols as mentioned above.
Fancker, Lewis and Barnes (5), recommend the use of Wey-
mouth's equation for the mean pressure, namely:
Substituting this value in equation (4), gives:
• • • • •• (7)
•• • • •• (8)
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..Q_ =- Jt. 2 f_a_ p _ Pz~P.z.-p,) ] •• • • •• •••• (10)
SA zL 3 \!>' ' P. ... P:z.
_g_ _ JL 2 r~ _ p ... P,& - P: ]
e A - zL 3 l,Y. • I~'...P", • •••• •• • • • • (21)
~ ~!r: : [p,~,-}~] (13)
Letting,p=2[P:-P'~ 1·.······.·····~l4)3 P,(P,T ~
the equation can be written:
_Q_ kP·. . . . . . . . . . . •. . . . . . ••• (15)
tria· = zL .
Solving for k, the result is:
k = Q~f ·····. ············.. (16)
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where k is the coefficient of permeability of the sand, Q.,
the volume of fluid, z, the absolute viscosity of the fluid,
L, a length, e, a unit of time, A, a unit of area normal to
length L, and P, the equivalent pressure as expressed in
equCition (l4).
The unit of permeability is the Darcy, named aft~r Henri
Darcy. By definition;
. 1 cc. x 1 centipoise x 1 em.1 Darcy =. 1 sec. x 1 cm;-x 1 atmosphere
and hence,
Perme~bility is usually expressed in millidarcys (1 Darcy is
equal to 1000 millidarcys)to avoid the use of small decimals,
as the permeabilities of oil sands usually are only'small frac-
tions of a Darcy.
- 17 -
PLATE I
Specimens of the Cut Bank Sand.
A. Core from basal conglomerate composed mostly
of pyrite with some carbonaceous material.
Unsatisfactory for permeability testing. x~.
B. Sample of lower Cut Bank Sand, also uneat.Ia-
factory for permeability tests. x~.
c. Typical Ilbiscuit" from the Kootenai "sa.lt-
and-pepper" sandstone of the Cut Bank field.
x ~.
, 'I
,I
D. Basal conglomerate with interstices between
the larger pebbles filled with very small
particles, lower Cut Bank. x ~~
---. ---...------
D
SPECI1tiENS OF THE CUT BANK SA11D
Plate I
PERMEABILITY TESTS
Selection of Samples
Inasmuch as the "biscuitsn, i.e., portions of drill cores,
from the wells of the Cut Bank field may vary in length from
six or seven inches to less than i inch, a rather small test
sample was decided upon. It was necessary to choose the type
of sample to be tested, avoiding cracks and fissures, which
would permit too great a volume of air to pass and thus-give
high porosities and,permeabilities, and fr~gments having shale
lenses, whf.chwould not give uniform samples and hence would
cause erroneous permeability and porosity determinations. The
chert conglomerate gave trouble by the plucking out of its
grains during cutting, giving samples which were not true to
shape; these samples were not used.
The samples were all chosen from the lower Cut Bank sand
as it is the chief producing horizon and as the diamond saw
l
blade used in cutting samples was badly worn, the samples to
be acidized were chosen from those that Davis (~) used for
permeability determinations.
Plate L shows some specimens from the Cut Bank field.
Preparation of Samples
The cores, chosen according to the conditions mentioned
above, were first soaked in water, which would not affect the
- 18 -
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DIAMOND SAW
Plate II
SOXHLET EXTRACTOR
Plate III
cementing material, for 24 hours or more. This soaking was to
prevent mud, formed in cutting the sample, from entering the
pores and clogging them and thus impairing the determinations.
After soaking, the samples were cut to shape, parallel to
the bedding planes of the "biscuits", by a diamond-saw, illus-
trated in Plate II. The samples were in the shape of a rect-
angular parallelopiped one centimeter high, one centimeter wide,
and two centimeters long. To get the proper length, the sam-
ples were cut longer than necessary and then trimmed to the re-
quired length with nippers. This procedure prevented mudding
of the face which would occur if the samples were cut to length
by the saw. The saw was lubricated during cutting by a special
.m xture of oil and water to cool the blade and speed up the
cutting. The diamond-saw blades used were each capable of mak-
ing about 160 cuts or forty samples, in the Cut Bank sand
"biscuits".
The next step was to carefully dry the samples by heating
them in an oven at 1050 C. for several hours. Prolonged heat-
ing at high temperatures had to be avoided, as it might tend
to cause decomposition of the cementing material and thus in-
validate the results of porosity and permeability determinations.
The oily content of the samples was removed by the Soxhlet
Extractor, Plate III. The samples were carefully marked and
then placed in an extraction thimble. This thimble served to
prevent small sand grains from plugging the Siphon tube of the
- 19 -
PLATE IV
Typical Prepared Permeability Samples ~f the
Cut Bank Sand.
A. Samples prepared from the Qasal conglomerate
of the lower Cut Bank. x~.
B. Typical samples of the "salt-end-pepper"
sandstone of the Kootenai. x~.
C. Fine-grained samples of the lower Cut Bank
Sand. x~.
A B
C
TYPICAL PREPARED PERMEABILITY S~MPLES
OF THE CUT BANK SAND
Plate IV
PERMEAMETER
Plate V
extractor and thus stop its continuous operation. The thimble,
holding about ten samples, was then placed in the extractor
and carbon tetrachloride was distilled through apparatus for
from six to 48 hours, depending on the relative quantity of
oil in the samples. The carbon tetrachloride as it was dis-
tilled left the oily material in the lower flask and pure car-
bon tetrachloride constantly dripped over the samples. The
carbon tetrachloride in the lower flask could be removed and
purified by distillation when its oil content became too high.
The samples were again dried in an oven at 1050 C.for a
period of four to six hours, avoiding prolonged overheating
as before. If considerable time w£s to elapse before testing,
the samples were stored in a dessicator until the tests were
made.
Some typical prepared samples are illustrated on Plate IV.
Apparatus
The apparatus for de termining permeability is shown by
Plate V. It is similar to the apparatus used by a number of
oil companies and others for permeability tests~ The fluid
used is air, as it is eas) to obtain and use. Muskat (12)
states that the advantages of using gases rather than liquids
are; (a) elimination of the difficulties resulting from plug-
ging the pore spaces of a sample by materials carried by the
liquids or swelling of the cementing ..material; (1:» freedom from
- 20 -

PLA TE VII
AIR FILTER
Sand Sample
......
I
Air
PLATE VJlI
___ ~>-To Wet Test
Meter
CORE HOLDER
danger of disintegrating a consolidated sample by the loosen-
..
ing of the cementing material; {(!)_. freedom from error due to
air trapped in the pore spaces of the sample and the necessity
for ev-acuation and filling with liquid in a vaccuum; and (d)
the ease of attaining measurable flows without the use of ex-
cessive pressures for very "tight" samples.
A diagram of the permeameter is shown in Plate VI. Com-
pressed air enters the system through the inlet valve, 1, and
passes through the calcium chloride air filter, which dries
the air and removes any dust or oil that may have been carried
from the compressor. A section of the air filter is shown in
Plate VII.
A surge tank, 6, takes care of any sudden changes of pres-
sure in the air line. The pressure on the sample is kept con-
stant by a release valve, 4. The air is by~passed through a
valve, 3, to an open mercury manometer which indicates the in-
let pressure on the sample.
The air next passes to the core holder, 7, which consists
of a hollow frustum of a cast-iron cone, clamped to a base by
bolts and wing-nuts. A rubber stopper, size No.9, is cut so
it just fits the sample, which is inserted in it. The stopper
is then inserted in the core holder which is then securely clam-
ped to its base. This causes the stopper to grip the sides of
the sample secure 1~1and prevents any air leaking around the
sides of a corre ctly prepared sample. A section of the core
holder is shown in Pla'teVIII.
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The volume of air passing through the sample is measured
by a Sargent wet-test, gas meter, 12. The air leaves the meter
at 9. A water-level gauge, 8, indicates the level of the water
in the meter; this water level must be kept constant for re-
liable readings. The thermometer, 11, indicates the temperature
of the air measured and the open water manometer, 10, indicates
pressure changes due to the velocity of the aIr passing through
the meter. In the author's tests, these pressure changes were
too small to be measured. The time required for the air to
pass through the sample was measured by a stop-watch.
Before calculating the permeabilityof- a sample, it is
necessary to consider the conditions of the test.
The inlet pressure, which must necessarily be kept con-
stant, is measured by an open mercury manometer. It was main-
tained at 143.4 centimeters of mercury in all the tests made
by the author. The outlet pressure, atmospheriC, is read from
a barometer. These pressures, in centimeters of mercury, are
SUbstituted into the equivalent pressure formula and the equi-
valent pressure is computed and then converted to atmospheres.
(One atmosphere equals 76.0 centimeters of mercury.)
Hanes (~l) statBs that it is necessary to correct for the
vapor pressure of the water in the meter; Fancker, LewiS and
Barnes (6) do not. Inasmuch as the author followed the for-
mulae of Fancker, Lewis and Barnes and as the vapor pressure
Of water, at the temperatures of the tests, is low, no correc-
t·lon was made.
- 22 -
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The Sargent wet-test gas meter measures the volume of air
in cubic feet, so it is necessary to convert the volume to
cubic centimeters before calculating permeability. (One cubic
foot equals 28,317 cubic centimeters.)
The viscosity of air at the temperature of a test may be
determined from tables.
The data obtained is recorded on a form sheet, shown in
Plate IX. The permeability can be easily calculated by the
use of a slide rule or logarithm tables, using the formulae
previously discussed.,
Porosity
Porosity may be defined as the ratio of the interstices
of a material to the total volume of the material. Absolute
porosity is the ratio of the total volume of all interstices
to the bulk volume of the material; effective porosity is the
ratio of the interconnected pore spaces to the bulk volume.
In petroleum work, effective porosity is the most important,
as it controls, to a large degree, the reservoir capacLty of
a rock ru1dthe amount of oil and gas that can be extracted
'from it, as well as its permeability to fluids. Porosity is
usually expressed in percent.
Muskat (12) has demonstrated that if it is assumed that
the solid particles constituting an unconsolidated sand are
uniform spheres, two extremes, which give maximum and minimum
porosities, can be produced by the systemmatic arrangement of
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the particles. The maxumum porosity occurs with a cubic ar-
rangement of the particles and is equal to 47.64 percent of
the total volume; the minimum porosity is produced by a
rhombohedral packing and is equal to 25.95 percent. Inter-
mediate arrangements would give porosities ranging between
these limits. The size of the spheres, if they are all uni~
form, has no effect on the porosity, but, in natural materials,
the particles are not uniform in size and are not perfectly
spherical. In well-sorted, unconsolidated sands, porosities
of from 39 to 54 percent have been found.
Some of the factors upon which the porosity a rock de-
pends upon are: (a) shape and arrangement of particles, (b)
cementation and compaction since deposition, (c) degree of
sorting or classification of particles, Cd) rem9val of mineral
material through solution by percolating ground water, and
(e) fracture of the rock, producing openings.
DETERMINATION OF POROSITY
Selection of Samples
The samples that were to be tested for perme~bility be-
fore acidation could not be tested for porosity, as during
testing the pores would be filled with mercury, preventing
the determination of permeability. Instead, samples were cut
with a hammer and cold-chisel from the same biscuits as the
corres onding permeabiiity samples, as close to the place from
which the permeability samples had been cut as possible. They
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WASHBURN - BUNTING PORE' VOLUMETER
Plate X
were dried, the oily content was removed, and they were re-
dried as in the preparation of permeability samples. They
were then ready for testing. .Por,osity tests after acidation
were run on the acidized permeability samples 'after the post-
acidation permeability had been determined.
Apparatus
Two steps were necessary to determine the effective por-
oSity of ~ sample. First the pore volume had to be determined
and then the bulk volume.
The effective pore volume was determined with'a Washburn-
Bunting pore volumeter or porosimeter, illustrated in Plate X.
It consists of sample chamber, in two parts, joined by a
ground-glass joint and held together by means of rubber bands
stretched over glass lugs on the two parts of the sample cham-
ber. The bottom of the sample chamber is corulected by means
of rubber pressure tubing to a large leveling bulb full of
mercury. From the top of the chamber leads a heavy glass cap-
illary tube, graduated in 0.05 cc. divisions from zero to
4.0 cc •• At the zero mark at the top of the tube is a stop-
cock.
To determine the pore volume of a sample, the leveling
.bulb is lowered so that the mercury level was at the bottom
of the sample chamber. The sample is placed in the sample
chamber and the chamber is fitted together at the greased,
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PlATE XI.
Sample ftulk Volume~:...:.::..;:.:_-+ __ ._. . '_0"
Bulk ..,olumo
.. .. ¥ ..
.. ~5>. _t .s_s:nJ'.l.e•.•••.
Tubo empty
•.B.~.~ .':~~~C: .
Bulk volume..... - __ .
Tubo + sample...........................................
Tube empty.. .. .. .. .. .. .. .. .~ .
. _" ~J.lJ.~.Y!lJ.~9 .••.•...
__ .• 1Y-P9. -J'.. ~!JIJl.l9...•.
. _.. ~~~. c:~tr!l ..
FORM SHEET FOR POROSITY !~st~~S
.. _ .•__._.._!'oro.yo.!..~ .
Volur.~ter Readings
., - .. .. .. .. .. .. .. .. .. .. .. .
. _ _ )'~.r.C1.~.!:\l_P~~.-t.;1t~yt..__. _
1•...........
4 •. •....•.•
._•. ~!>~~~._ .
. _ ••..••..••.• x. 100 ',_'\.-:'1' .
. ~~::::~~~!~I}.......... "" --..' i
~-. _-.-. _-a -V;::;::;-~d-.!-I]-G-~-.. .-. '.~~ ~.-.-··-1'-----·-----.---.-
1•...._... _...
I
I 2•. '. • . .... :
..'····1 !:".~~~~:~~~:~.•• "" I
•• - • - •. j
---- -.--------------
I- ,. I
-- !
I.. ,
---+----_ .._---.------_._----,--_._--_ ...
..• .. _ y'o_1~u:n~1~r)lo_asiJ.tl:';1i _ .. __ .. " •..••. - I
I1.J...._ .. _. I
I
2•.•....•.•. I
.. ~o.~~~._ .
........... ~~:r~g~~~?':l.•...
_ !J~~9. V<?~':!I!:~. _.
i
.3 '.. •. i
4 •••• _.... '"
teto.l.._ _ .
Correct1on
... .,. ~ ~ '
Porc Volumo.... - ~.. .. .. .. .. ... ... . .... .. .... ........... , ...
___ •• _,-:~~~e_t.~.r:_r~o.a.d_1!l~!'•• _ .
1, ,. '" .
2._ .•....•..
:1, .
4 ••••.•• _•.
total
Correction._ - -_ .
__ r~t9. Y~f.}l!II_O ..
1.
2._ .
.3 ..... __ • ••
totr...l..............................................
Correction.- ...
••.. • " !,.o!,? Y?l?!".o•••...•
. .x .lOO =
............. x 100 •
._.......•....x 100
--+-----------------------
__ x 100 =
ground-glass joint and held firmly together by rubber bands.
,With the stop-cock open, the mercury level is raised by
means of the leveling bulb until the mercury stands above the
stop-cock, which is then closed. The apparatus now contains
only that air which, at atmospheric pressure, occupied the
pore spaces of sample, plus a small amount which was adsorbed
on the glass surfaces of the porosimeter.
The mercury level is lowered some distance below the sam-
ple, reducing the pressure con siderably above atmospheric.
Because of the lessened pressure, the air expands from the
sample into the sample chamber and capillary tube until the
pressure in the apparatus is equal to that in the pores of
the sample. This requires several minutes, the time depend-
ing on the size, shape and perme ability of the sample.
The leveling bulb is next raised until the level of mer-
cury in the capillary tube is the same as that in the bulb.
The air in the ca~illary tube is now at atmospheric pressure.
its volume is read and recorded on a form sheet, Plate XI.
The stop-cock is now opened and the mercury level is
raised above the opening. The stop-cock is closed, the pres-
sure is again lowered and the air is allowed to expand. The
air is brought to atmospheric pressure and the volume 1s read
and recorded. This procedure is repeated until all the air
has been removed from the sample. 'The volume readings are
ded to give the tot~l volume of the connected pores of the
sumple. Air in pore~ not connected with the surface of the
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PLATE XII
RUSSELL VOLU.JBLER
sample cannot be removed and does not effect the readings.
A correction is necessary to allow for the'air adsorbed
on the glass surfaces of the apparatus and air that may be
trapped under the edges of the @lround-glass joint because of
the inability of mercury to wet glass. This correction is
evaluated by placing a solid piece of glass, of about the
same size and shape as the sample, in the;apparatus and test-
ing as if it were a sample. The volume of air determined in
this way is subtracted from the original pore volume of the
sample.
The bulk ,volume is determined by a Russell volumeter,
shown in Plate XII. The samples are soaked in carbon tetra-
chloride until they were saturated, after which all sharp
projections, friable ends and loose grains are carefully re-
moved. The samples are kept immersed in carbon tetrachloride
until needed for testing.
The volumeter is filled with carDon tetrachloride until
the liquid level reads between zero and one cubic centimeter
when the volumeter is inverted. This reading is recorded.
The volumeter 1s returned to its normal position.
The sample to be tested is removed from the carbon tetra-
chloride, any excess of which is removed from tr~ sample with
a blotter, and placed in the volumeter. The volumeter is in-
verted and the new l~quid level is read and recorded. The
difference between the two readings is equal to the bulk of
volume of the sample.
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The effective porosity is calculated from the formula:
Percent Effective Porosity Pore Volume x 100Bulk Volume
ACIDATION.
Choice of Reagents
Accor-d.Lngto Feray (8) the minerals found in the Cut
Bank sandstones and c~nglomerates consist of quartz, chert,
tourmaline, zircon, leucoxene, bc.xite, calcite, pyrite,
black opaques (magnetite or chromite), kaolinite, siderite
and a green mineral that may be glauconite. Quarts and chert
comprise more than ninety percent of the sandstone. Kaolinite"
a clay mineral, is a very important fraction of the Cut Bank
sandstone; it fills or partly fills the interstices between
the sand grains. Calcite, barite, siderite, and pyrite are
also found in these interstices but only in very small am-
ounts.
In view of these facts, it was decided to try reagents
which might dissolve some of,the mineral constituents, es-
I·
pecially the interstitial'minerals, and also reagents which
m ght deflocculate and disperse the clay particles in the pore
spaces. A wetting agent, which decreased the surface tension
of the solutions and permitted the re&gents to more readily
wet the mineral particles and thus increase the efficacity of
the reagents was also used.
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The reagents used were:. 6-normal hydrochloric acid, 7.5-
normal nitric acid, 18-normal sulphuric acid, 1.5-normal nitric
acid, 3.6-normal sulphuric acid, a 10%- solution of glacial
acetic acid, a 10%_ solution of potassium hydroxide, and a 10%~
solution of sodium bicarbonate. In addition, a test was made
with water alone to test Hanes (11) contention that any in-
crease in porosity and permeability was due to the flushing
out of particles from between the grains of the sandstone by-
the solutions rather than to reaction between the reagents and
the constituents of the sandstone. The wetting agent used was
the common detergent sold commercially for household use as
"Dreft". This was chosen because it does not give precipitates
with calcium and·magnesium which might occur in the minerals
of the sandstone. It was used in the ratio of one gram of
Dreft per 700 cc. of solution.
Apparatus
The apparatus is very Simple, consisting of a rubber stop-
per similar to that used in the permeameter, a large glass fun-
nel, filter flask and a filter vaccuum pump_ The sample is
placed in the stopper which is placed in the funnel. Any leaks
between the stopper and the walls of the furlnel are sealed with
melted paraffin. The stem of the flmnel is pushed tr~ough a
rubber stopper in the mouth of the filter flask, which is con-
nected to the vaccuum pump. A fai1.rlyhigh vaccuum must be main-
tained in the flask; a sudden release of the vaccuum caused the
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stopper·to bre ak away from the Walls of the funnel and permits
the solution to escape .without passing through the sample.
In making a test, 500 cc. of the solution of reagent and
wetting agent are poured over the sample in the funnel and the
vaccuum is set up. The vaccuum is maintained until all the
solution has been drawn through the sample. The funnel and
stopper are then rinsed with water. Next, 100 cc. of water
are poured over the samp.l.eand drawn through it by vaccuum.
The sample is then removed from the stopper and dried in an
oven for several hours at 1050 C. as in its original prepara-
tion. It is then ready for post-acidation permeability and
porosity tes.:ts.
The volumes of reagent solutions and wash water were
kept constant for all samples in order to maintain the con-
ditions of treatment as uniform as possible.
Results of Acidation
The sample which was treated with water alone showed an
increase in permeability of 140.7 millidarcys and in porosity
of 2.7 percent.
The sample which was treated with 6-normal hydrochloric
acid, showed a permeability increase of 54.4 Jnillidarcys and
a porosity increase of 0.9 percent.
The sample which was treated with 7.5-normal nitric acid
was not tested after acidation, as the nitric acid attacked
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the rubber stopper, forming a black mud which plugged the pores
of the sample~ rendering it worthless for further tests.
The sample which was treated with 1.5-normal nitric acid,
showed a permeability decrease of 19.8 millidarcys and a por-
osity decrease of 0.2 percent.
The 18-normal sulphuric acid reacted with the wetting
agent to form a heavy gelatinous precipita.te and could not be
used.
The sample treated with 3.6-normal sulphuric acid showed
"a permeability increase of 73.8 millidarcys and a porosity in-
crease of 2.2 percent.
The sample treate d with 10%.potassium hydr-oxf.dedecreased
37.2 millida.rcys in permeabil£ty b~t showed no change in por-
osity.
The sample treated with 10% solution of sodium bicarbon-
ate decreased 9.59 millidarcys in permeability, having a post-
acidation permeability of zero, but increased 2.2 percent in
porosity.
The sample treated with 10% acetic acid showed a perme-
ability decrease of 171.7 millidarcys and decreased 7.1% in
porosity.
Conclusions
Inasmuch as time limited the Dumber of samples run and
as there was little opportunity to check one sample aga+as.t-
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TABLE I
RESULTS OF ACIDATION
..... :to. -,.,,'"- __ , ... _. __ ... _~ .•
S_ample • Reagent • Orig. • Acid. • ChangePerm. • Perm. •
572 • H2O • 523.5 • 664.2 • +140 ..7
.JJ18 a • 6 N. HC1 • 309.1 • 363.5 ~ +54.4
X11b • 7.5 N. • 157.9 • •
578
HN03 47.6 27.8 -19.8• 1.5 N•. • • •-RNO
X13 3 313.9 387.7 +73.8• 3.6 N. . • • •. H SO
X11a • 10% fOH4 • 239.1 • 201.9 • -37.2
CC17 • 1?% NaHCO~. 9.59 • 0.00 • -9.59
S57 • 10% • 188.7 • 17.0 • -171.7HC2H302
TABLE II
RESULTS OF ACIDATION
Sample • Reageant • Orig. • Acid. • ChangePoros. Poros.
572 • F20 • 20.5% • 2;3.2% • +2!7%•
JJ18 a • 6 N~ HC1 • 19.5% • ~0.4% • +0.9%
X.J.1b • 7.5 N. RNGs· 21.0% • •
578 • 1.5 N. RN03• 13.3% • 13.1% • -0.2%
X13 .3.6 N. H2SO4• 14.8% • 17.0% • +2.2%
X11a • 10% N. KOH • 16.3% • 16.3% • 0.0%
eC17 • 10% NaHC03 • 13.8 • 16.0% • +2.2%
S57 • 10% HC2~02. 17.2 • 10.1% • -7.1%
another, little can be determined from the results.
Hanes (11) was apparently correct in his contention that
at least part of the increase in permea?ility and porosity was
due to the flushing out of small particles from the pore
spaces by the flow of the liquid through them, as water cause
an increase in porosity and permeability.
Hydrochloric and sulphuric acids gave an increase in per-
meability which might ,be due to flushing out of the mineral
particles or to solution of some of the minerals from the
sandstone.
Nitric and acetic acids, potassium hydroxide and sodium
bicarbonate gave decreased permeability. This might be due
to the formation of precipitates in the pore spaces, of the
sandstone due to reaction between the reagents and the.min-
erals of the sandstone.
Hydrochloric and sulphuric acid seem to have the great-
- .est possibilities and should be tested on a number of sam~
pIes in varying concentrations in order to fully determine'
their action upon the sandstone.
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